Dental caries is a ubiquitous infectious disease with a nearly 100% lifetime prevalence. Rodent caries models are widely used to investigate the etiology, progression and potential prevention or treatment of the disease. To explore the suitability of these models for deeper investigations of intact surface zones during enamel caries, the structures of early-stage carious lesions in rats were characterized and compared with previous reports on white spot enamel lesions in humans. Synchrotron X-ray microcomputed tomography non-destructively mapped demineralization in carious rat molar specimens across a range of caries severity, identifying 52 lesions across the 30 teeth imaged. Of these lesions, 13 were shown to have intact surface zones. Depth profiles of fractional mineral density were qualitatively similar to lesions in human teeth. However, the thickness of the surface zone in the rat model ranges from 10 to 58 mm, and is therefore significantly thinner than in human enamel. These results indicate that a fraction of lesions in rat caries possess an intact surface zone and are qualitatively similar to human lesions at the micrometer scale. This suggests that rat caries models may be a suitable analog through which to investigate the structure of surface zone enamel and its role during dental caries.
Introduction
Dental caries, or tooth decay, is an infectious disease that has affected, or will affect, nearly every individual at some point (WHO, 2012) . The disease begins when demineralization of enamel by bacteria-produced acids can no longer be counteracted by remineralization from saliva, leading to a net loss of mineral (Robinson et al., 2000) . While relatively innocuous in its earliest stages, once the disease progresses through the enamel it can cause severe pain and lead to tooth loss, systemic infection and possibly death. Furthermore, a myriad of negative secondary effects are associated with compromised oral health, including decline in overall physical and mental health, social isolation, and economic losses at an individual and societal level (HHS, 2000) . Increased oral fluoride concentrations and improved oral hygiene education have significantly reduced the impact of caries for many Americans over the past half-century (CDC, 1999) , but those from socioeconomically marginalized groups still suffer disproportionately. Additionally, since the early 2000s, the prevalence of early childhood caries has once again begun to increase (Kawashita et al., 2011) , suggesting a regression in the progress to combat the disease. For these reasons, the ability to diagnose, treat and prevent caries at an early stage has been, and will continue to be, a significant public health focus.
Much of our current knowledge of early-stage caries is based on characterization of so-called white spot enamel lesions (WSELs) in human enamel. WSELs form over time when demineralization outpaces remineralization, and they are the first clinically apparent sign of caries (Nanci, 2012) . They consist of four distinct zones as defined by polarized light studies (Robinson et al., 2000; Poole et al., 1961) . Of specific interest is the outermost intact surface zone (SZ) that appears to remain highly mineralized throughout the early development of the lesion. SZs have been observed in human WSELs by numerous techniques, including optical microscopy polarized light, scanning X-ray microradiography, X-ray microcomputed tomography (mCT) and optical coherence tomography (Wefel & Harless, 1984; Elliott et al., 1981; Huang et al., 2007; Eanes, 1979) . They have also been generated in vitro using low pH, cycling pH or fluoridating the demineralization solutions (Margolis et al., 1999; Yamazaki & Margolis, 2008; Yamazaki et al., 2007) . Arends & Christoffersen (1986) have reviewed the many proposed mechanisms and models for SZ formation during both in vivo and in vitro lesion formation. However, the complexity of the system and dynamic nature of the dissolution/remineralization processes have prevented a definitive explanation of why and how the SZ forms. Furthermore, little is known about the evolution of enamel before the WSEL is fully established, and, while the mineral density of the SZ is comparable with sound enamel, it is unclear to what degree the structure and chemistry have been affected by the lesion development. Because it is the outermost diffusive barrier that presumably mediates ongoing demineralization and ion transport processes, a better understanding of the structure and evolution of the SZ is vital to understanding the dynamics of early caries development.
Rodent caries models have long served as an in vivo proxy to investigate the human disease and have produced much of the current knowledge of disease pathology and treatment. This includes demonstrating the importance of diet (Kite et al., 1950) , uncovering the impact of eating frequency on caries induction (Kö nig et al., 1968) , establishing the necessity of bacterial involvement and infectious nature of the disease (Orland et al., 1955; Keyes, 1960) , and revealing the preventative effect of topically applied fluoride (Cheyne, 1940) . Today, such models are frequently used to explore the cariogenicity of different diets and test the efficacy of oral hygiene products (Bowen, 2013) . These models provide an in vivo system that can yield carious lesions within as few as two weeks and allow systematic control of dietary and biological factors. Although models have been widely used to evaluate the etiological factors of the disease, nearly all characterization of carious lesion microstructure and composition has been performed on lesions occurring in human enamel. Little is known about the actual structure of the induced lesions in rats at the microscale, and it is unclear how similar or different they may be from human lesions. For example, it is unclear whether induced carious lesions in rats possess SZs at all, one of the most important features of human WSELs.
In order to explore the viability of using a rodent caries model for detailed structural studies of carious lesions in general and SZs specifically, a non-destructive, quantitative imaging technique was desired. The application of both laboratory source and synchrotron absorption mCT to mineralized tissues is well established (Davis & Wong, 1996; Stock, 2008) , and numerous studies have used the technique to explore the mineral density distribution in sound (Clementino-Luedemann & Kunzelmann, 2006; Dowker et al., 2006) and carious human enamel (Dowker et al., 2004; Clementino-Luedemann, 2007; Shahmoradi & Swain, 2017) . Recently, the advent of advanced techniques, including small-angle X-ray scattering tomography (Schaff et al., 2015) , phase tomography (Zanette et al., 2015; Gradl et al., 2016) and microdiffraction (Al-Jawad et al., 2007 , 2012 Simmons et al., 2013) , has enabled mapping of structural parameters beyond mineral density. As our primary objective was to establish the existence and compare the gross structure of WSELs in murine enamel with those characterized previously by mCT in human enamel (Huang et al., 2007 (Huang et al., , 2010 Cochrane et al., 2012) , we opted for the same technique. Significantly, we confirm the existence of intact SZs in rat caries and provide an overview of SZ lesion structure relative to human WSELs.
Materials and methods

Tooth specimens
Lesions in rat molars from three animals were generated using a desalivated caries model as part of a previous study (Bowen et al., 1997) . Caries severity was evaluated by the modified Keyes method (Keyes, 1958; Larson, 1981) , yielding a semi-quantitative score of caries severity and the degree of demineralization for each tooth. Molars were hemisectioned and coated in nail varnish as part of this scoring method, then stored dry in 10 ml vials. Based on the Keyes scores, the three animals were identified to have limited/no caries, onset caries and progressed caries, respectively. A total of 30 specimens across these three groups were examined via mCT, primarily focusing on teeth from the limited/no caries and onset caries groups to target early stage lesions. The specimens were sampled from across the oral cavity, including teeth of all three molar types ( Fig. 1 ) and from all four quadrants of the mouth (Table 1) .
2.2. X-ray microtomography 2.2.1. Sample preparation. Individual teeth were isolated from hemisectioned (Fig. 1 ) maxillary and mandibular halfarcades by applying increasing pressure to the jawbone between teeth with a #10 scalpel until fracture. Forceps were used to stabilize the arcade during this process, and care was taken to avoid any direct manipulation or pressure on enamel surfaces. Isolated tooth hemisections were then either imaged without further manipulation or soaked in acetone for 30 s to remove the thin layer of nail varnish applied as part of the Keyes scoring. All samples were stored dry in 1 ml centrifuge tubes until mounting for X-ray microtomography.
2.2.2. Sample mounting. Sample mounts were prepared from 1 ml pipette tips. A razor blade was used to cut the pipette tips approximately 2 cm from the dispensing end. This yielded conical shells in which individual teeth could be gently wedged and fixed rigidly ( Fig. 2a ). For those samples that had been soaked in acetone, the pipette tips were lastly infiltrated with Epo-fix 301 cold curing epoxy (Electron Microscopy Sciences, Hatfield, PA, USA) and cured at room temperature overnight.
2.2.3. Synchrotron mCT. Synchrotron mCT was performed on beamline 5-BM-C (DND-CAT) of the Advanced Photon Source (Argonne National Laboratory). This beamline was configured to perform tomography with a collimated, monochromatic beam to yield an isotropic voxel side length of 6 mm ( Fig. 2b) . For M1 and M2 molars, 20 keV monochromatic X-rays and a collection time of 800 ms maximized absorption contrast and utilized the full dynamic range of the detector. For the smaller M3 molars, the energy was reduced to 17 keV. Radiographs were collected with a 1300 Â 1340, 24 mm pixel Roper scientific (Photometrics) CCD detector. Scans were performed with the beamline in top-up mode such that the X-ray flux was maintained over the course of an individual scan. Each scan consisted of 1200 projections over 180 (0.15 increments) and took approximately 2 h. At the beginning of each scan, a frame with the X-ray beam blocked (dark frame) was recorded to measure the detector noise. Every five projections, flat-field measurements with the sample removed from the beam path were collected to capture inhomogeneities inherent in the beam. These were used to normalize collected patterns and reduce noise through a conventional flat-field correction algorithm (Nieuwenhove et al., 2015) . Reconstructions were performed on site using a six-node Linux cluster implementing a filtered back-projection algorithm with a Shepp-Logan kernel. Intermediate reconstructions were viewed using the IDL software package (ITT Visual Information Solutions). Completed reconstructions consist of a three-dimensional dataset in a 16-bit ANALYZE data format that can be loaded into ImageJ (Schneider et al., 2012) for further analysis.
Data analysis
2.3.1. Normalization. The dataset from each mCT scan consists of a three-dimensional matrix of linear attenuation coefficients (LACs), , corresponding to the average X-ray absorption within each voxel (volume pixel). For a region of uniform chemical composition, variations in can be attributed to variations in the material density (Stock, 2008 Table 1 Tooth specimens and distribution across the oral cavity.
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Figure 2
Sample mounting for synchrotron mCT. (a) The M1 molar wedged inside a modified pipette tip. (b) Schematic drawing of the experimental setup for data collection. A Si(111) double-crystal monochromator selects the beam energy. The specimen in the pipette tip is mounted on the rotation stage using a small piece of modelling clay. A cadmium tungstate (CdWO 4 ) single-crystal scintillator converts X-rays to an optical wavelength, which are then magnified by a 4Â objective lens (numerical aperture of 0.2) and collected by CCD detector.
Figure 1
Schematic drawing of the right mandible of the rat. (a) Enlarged occlusal (top) aspect of the three molars M1, M2 and M3, and the mesio-distal plane (dotted line) along which hemisections were prepared for caries lesion scoring after Keyes (1958) . (b) Lingual (tongue-facing) aspect of the whole mandible.
because the compositional variations within enamel occur at length scales much smaller than the voxel size (6 mm), is assumed to be proportional to the enamel mineral density. Various approaches have been used to compute absolute mineral density in teeth from experimentally determined linear attenuation coefficients, including the use of aluminium standards (Clementino-Luedemann & Kunzelmann, 2006) , calibration with hydroxyapatite phantoms of known density (Huang et al., 2007; Djomehri et al., 2015) and modelling enamel as a two-phase (mineral/organic) system (Dowker et al., 2006) . However, because varies with X-ray energy and enamel is inherently heterogeneous and multiphase, we chose here to instead compute a mineral volume fraction ( f m ) based on the local LAC values for air and sound enamel as follows,
where meas is the reconstructed LAC in the dataset, air is the average LAC of air computed from an area within the central slice of the specific volume of interest, and enamel is the average LAC for sound enamel taken from an area in the same slice that is clear of artifacts and demineralization. This approach (Fig. 3 ) yields a value for each voxel that corresponds to the volume of sound enamel mineral present (V m ) relative to the total volume of the voxel (V), i.e. the average phase fraction between pure air ( f m = 0) and sound enamel mineral ( f m = 1). Computation of the volume fraction of material from the LAC was first developed by Guvenilir and colleagues (Guvenilir et al., 1997) to determine sub-voxelsized crack openings. Since the density of enamel is $ 2000 times that of air, we can neglect the contribution of the latter and define a fractional mineral density (*) that is approximately equal to f m ,
Multiplying the value of * by the average density of sound enamel will yield an approximate measure for the average mineral density within a given voxel. A similar normalization scheme for characterizing demineralization in human enamel has been previously reported by Lautensack and colleagues (Lautensack et al., 2013) . 2.3.2. Identifying lesions. Tomographic reconstructions were inspected for the presence of lesions by eye, slice by slice. We defined the following criteria to identify lesions: (i) the three-dimensional region must include at least 500 connected voxels (equivalent to 60 mm Â 60 mm Â 30 mm) with an average * < 0.8; (ii) the region must span at least five slices; and (iii) the region must be free from sharp ring artifacts that obscure the shape and * within the demineralized region [for an example, see Fig. 3(a) ]. This conservative approach safeguards against false lesion identification near artifacts, but likely overlooks early-stage lesions with minimal demineralization.
2.3.3. Depth profiles. For regions of demineralization free from ring artifacts, ImageJ (Schneider et al., 2012) was used to generate depth profiles of fractional mineral density (Fig. 3c ).
Depth profiles were taken manually, oriented roughly normal to both the external enamel surface (EES) and dentinoenamel junction (DEJ). A line width of 3 voxels was used for each profile and profiles were collected along the same path from three consecutive slices. Thus, each point at a given depth in the profile consists of an average * across a volume that is 18 mm Â 18 mm in cross section and 6 mm deep in the direction of the profile. For each lesion examined, three depth profiles were taken through the demineralized region, and a similar profile through nearby sound enamel of comparable thickness was taken for reference. Because depth profiles are taken in the plane of the reconstructed slices, care must be taken to ensure that the surface normal of enamel analyzed via this procedure also lies in this plane. To facilitate this approach, tooth specimens were oriented during data collection such that the majority of enamel surfaces are properly oriented. Characterizing lesions where this is not the case requires either a rotation of the dataset or an alternative approach that accounts for the complete three-dimensional nature of the lesion.
2.3.4. Lesion classification. Lesions were classified based on features observed in the depth profiles [Figs. 4(b) and 4(c)]. Lesion severity was distinguished based on the minimum fractional mineral density, Ã min , observed within the lesion body (point D), with profiles displaying Ã min < 0.5 classified as severe and those with Ã min > 0.5 classified as mild. The presence of an intact SZ was also assessed for each identified lesion. To be classified as a SZ-containing lesion (SZL), * must be greater than Ã min at some point exterior to the lesion body minimum [e.g. point B versus point D in Fig. 4(c) ]. Furthermore, this condition must hold over a distance of at least 18 mm (3 voxels). This ensures that lesions are not mistakenly labelled as SZs due to artifacts present at the interface of weakly and strongly absorbing materials (i.e. the air-enamel interface). Importantly, SZLs must be entirely subsurface across their entire contiguous three-dimensional extent to be certain that demineralization has progressed through the external surface and not laterally through the enamel from an erosive lesion or compromised surface. Therefore, adjacent slices were carefully reviewed to ensure an intact surface for each putative SZL, and lesions intersecting with the cut surface of the tooth were dismissed from consideration to maintain a robust classification.
2.3.5. Surface zone lesion parameterization. For those lesions classified as SZLs, parameterization of the depth profiles was performed to quantify and compare the nature of demineralization (Fig. 4) . Points along the profile were defined based on the computed values for *, and distances corresponding to SZ thickness, lesion depth and enamel thickness were subsequently calculated. The dimensionless quantity Á SZ reflects the difference between the maximum and minimum value of * in the lesion, i.e. the normalized magnitude of over-mineralization of the SZ. The integrated demineralization (m L ) represents the amount of mineral removed from the body of the lesion along the depth profile relative to sound enamel. It is qualitatively analogous to the 'integrated mineral lost', commonly represented as Áz, that is frequently reported in transverse microradiography studies of demineralization in thin enamel sections (Ten Bosch & Angmar-Må nsson, 1991) and has been applied previously by Vieira and colleagues (Vieira et al., 2006) using mCT. However, we would like to stress that m L is computed in a slightly different manner than Áz and thus differs quantitatively. To better compare between SZLs, the lesion depth and integrated demineralization were both normalized. Specifically, the normalized depth of the (c) Plot of the fractional mineral density (*) against distance, taken along the red arrow in (b). Points used for profile quantification were defined as follows: external enamel surface (EES) (A), corresponding to * = 0.2; maximum (B), midpoint (C) and minimum (D) of * within the SZ and lesion; recovery to sound enamel (* = 1) (E); and DEJ (F). The midpoint (C) is defined as the depth at which * equals the average of that at points B and D. These points were selected following the approaches of Groeneveld & Arends (1975) and Cochrane et al. (2012) to facilitate direct comparison with human SZs. From these points, depth measurements were calculated for each lesion, including multiple representations for the SZ thickness (AB, AC and AD), total lesion depth (AE) and enamel thickness (AF). Furthermore, the SZ magnitude, Á SZ , was defined as the difference in * between points B and D. Finally, the integrated demineralization (shaded gray), m L , is defined as the integrated value of 1 À * (normalized mineral lost) within the body of the lesion (where * < 1). lesion, d Ã L , is defined as the ratio between the lesion depth and total enamel thickness (i.e. AE/AF). The average normalized mineral lost, m Ã L , is defined as the ratio between the integrated demineralization and the expected value for sound enamel having the same thickness. Since sound enamel has * = 1, this amounts to dividing m L by the distance between the bounds of integration used to compute m L .
Results
Identification of carious lesions
Applying the procedure and classification criteria described in x2.3 to 30 tooth reconstructions, 52 total lesions were identified, including 13 that clearly display an intact SZ (summarized in Table 2) . No demineralization was observed in any of the 12 molars from the limited/no caries group or any of the eight M3 molars taken from the onset caries group. The M1 molars from the onset caries group show the widest range of demineralization, including both mild and severe lesions, some of which possess intact SZs. The M1 specimens from the progressed caries group show the most significant demineralization, displaying only severe lesions with no intact SZs.
Obvious differences in the degree of demineralization were observed between teeth from the three experimental groups (representative examples in Fig. 5 ). The limited/no caries teeth [Figs. 5(a) and 5(d)] show intact enamel and dentin, with uniform observed within each tissue. The only deviations are associated with cracks in the tissue or imaging artifacts that may result from inhomogeneities in the X-ray beam, nonuniform detector element sensitivity, or non-linear scintillator response . The M3 onset caries teeth are similarly free from regions of demineralization. In comparison, the M1 onset caries teeth [Figs. 5(b) and 5(e)] include regions within the enamel of localized demineralization. These contiguous regions of reduced are located near the enamel surface, but in some cases display a thin surface layer of higher-absorbing mineral constituting an intact SZ (Fig. 5e ). Nearly all lesions from this stage are also associated with a separation at the DEJ beneath the lesion [asterisk (*) in Fig. 5e ]. Finally, the progressed caries teeth [Figs. 5(c) and 5( f )] display significantly larger regions of demineralization, and an absence of intact SZs. Significant portions of both the enamel and dentin have been removed or compromised, and bands of higher and lower oriented normal to the DEJ and EES suggest some form of lesion substructure.
Surface zones in rodent caries
Of the 52 lesions classified, 13 show definitive SZs according to the conservative criteria described in x2.3.4. All of the SZLs were observed in M1 molars from the onset caries control group (see Table 2 ), six associated with mild lesions and seven with severe lesions. They occur in all four M1 molars and on both lingual-and buccal-facing hemisections. Examples of single slices containing SZLs are included in Figs. 3(a) , 4, 5(b) and 5(e). In these illustrative examples, and indeed across the entire dataset, SZLs are observed primarily in the sulcal regions of the M1 molars. Seven of the identified SZLs were found in a single tooth reconstruction, the right maxillary buccal M1.
Key parameters were extracted from depth profiles for the 13 identified SZLs (Table 3) Cochrane et al. (2012) , multiple representations for the SZ thickness have been determined as described in x2.3.5 (Fig. 3) .
The surface-to-maximum (AB) distances range from 10 to 21 mm, surface-to-midpoint distances (AC) range from 17 to 32 mm, and surface-to-minimum distances (AD) range from 30 to 58 mm. The majority of lesions extend almost entirely through the enamel thickness to the DEJ, with 11 of the 13 SZLs characterized possessing a normalized lesion depth between 0.80 and 1.00. Surface zone magnitude values range from 0.18 to 0.52, with a mean of 0.39. The average normalized mineral lost ranges from 15% to 43%, with a mean of 29%.
Discussion
The qualitative extent and severity of demineralization characterized by a review of mCT reconstructions agrees well with the Keyes scores and cariogenicity of the various diets provided to each experimental group (Bowen et al., 1997) . The limited/no caries specimen group shows no discernable lesions, as expected based on the optical review. The variation in lesion severity between molar types within the onset caries group can be understood in terms of the factors promoting cariogenesis and the timeline of the study from which the teeth were acquired. The M3 molars, none of which show lesions (Table 2) , erupt into the oral cavity last (age 35-40 days). As this study was terminated at age 42 days, M3 molars were exposed to cariogenic conditions between 2 and 7 days only. Furthermore, M3 molars have minimal sulcal surfaces in which plaque formation can easily proceed (Lyngstadaas et al., 1998) . Thus, these teeth experience the shortest period of cariogenic challenge and present primarily smooth surfaces on which biofilms can be easily disrupted during feeding or gnawing. Meanwhile, the M1 molars erupt earliest (at 19 days of age) and possess many obstructed sulcal surfaces that provide ideal conditions for plaque formation. Nearly all observed lesions in the M1 specimens from the onset caries group are located in these regions. Finally, the most severe demineralization is observed in the progressed caries group, in agreement with the high Keyes scores attributed to these samples. The occurrence of SZLs within specific experimental groups suggests that induced rat caries progresses in a similar manner to natural human caries. In humans, WSELs constitute the first clinically observable disease state and possess intact SZs. The disease progresses in this state, with mineral being removed from the subsurface lesion body until the tissue is mechanically compromised and the SZ collapses (Robinson et al., 2000) . The observations that SZLs occur only in the onset caries group and that the progressed caries group includes only severe open lesions suggest that rodent caries may follow a similar progression. However, a larger study with tighter control over lesion development time is necessary to establish firm statistical support for this hypothesis.
The literature provides many approaches for quantifying SZ thicknesses in human WSELs, but a widely accepted definition has yet to emerge. In order to make direct comparisons between SZs in rodents and humans, three measurement methods have been applied here following Cochrane et al.'s (2012) analysis of WSELs in human caries imaged with mCT. In order of increasing thickness, these include the surface-to-maximum (AB) distance first employed by Groeneveld & Arends (1975) , the surface-to-midpoint (AC) distance, and the surface-to-minimum (AD) distance (Fig. 4c) . A fourth measurement approach outlined by Theuns et al. (1984) has been omitted here for clarity, but is implemented and discussed by Cochrane et al. (2012) . Across 12 human carious lesions, Cochrane et al. report a range of AB distances from 35 to 130 mm, a range of AC distances from 55 to 190 mm, and a range of AD distances from 70 to 265 mm. Huang et al. (2007) also present mCT evidence of natural human WSELs with SZs consistent with these ranges. Here, the SZ thicknesses observed in rat lesions fall entirely below these ranges for each of the three measurement approaches: ranging from 10 to 21 mm, 17 to 32 mm, 30 to 58 mm, respectively. Clearly, SZs in rodents are significantly thinner than those observed in human caries lesions. Cochrane et al. (2012) suggest that the AB distance used as an indicator of SZ thickness by Groeneveld & Arends (1975) be used to compare measurements between studies to maintain consistency. While the AB distance does have the attractive property that it appears to be independent of overall lesion depth (Groeneveld & Arends, 1975) , some aspects of this approach are problematic. First, the sharp interface between sound enamel and air in mCT is often blurred during analysis by attempts to reduce Poisson noise (Gao et al., 1993; Dowker et al., 2003 Dowker et al., , 2004 Huang et al., 2007) . This results in a diffuse interface that spans 3-5 voxels at typical resolutions (Fig. 3c ). This is further convoluted with the well known partial volume effect (Stock, 2008) . Thus, even without the presence of a lesion, the AB distance measurement will be non-zero and one must rely on interpreting partial voxels as sub-voxel lengths. Finally, the coherence of the Advanced Photon Source synchrotron radiation source produces X-ray phase contrast (light and dark fringes) at the interface of materials with different electron density and X-ray absorptivity. These fringes cannot be resolved at the resolution of the present study but can affect LAC values within the boundary voxels. Precise determination of the AB distance is thus quite difficult, especially when the true position of the maximum 15-43% - † Thickness measurements extracted from depth profiles as described in x2.3.5 and Fig. 3 . ‡ Values for inactive human WSELs reproduced from Cochrane et al. (2012) . § AE in this study corresponds to the thickness labeled AF in Cochrane et al. (2012) . falls very close to the enamel surface, as it does in the case of rat lesions. Instead, the AD distance provides a much more robust measure to compare different SZs. This measure includes the entire distance over which the mineral density is greater than the minimum within the lesion, and thus captures the extent to which the SZL differs from an erosive lesion. The AD measure has also been shown to increase with time, as the mineral density minimum decreases in magnitude and moves deeper into the lesion (Theuns et al., 1984; Cochrane et al., 2012) , and thus it captures the dynamic nature of lesion progression more accurately.
Most of the SZLs observed here span the majority of the enamel thickness, contrary to observations of WSELs in human enamel (Huang et al., 2007; Cochrane et al., 2012) . This may simply result from the combination of much thinner enamel present in the case of rodents and the specific stage of caries observed in this study. If one assumes that the rodent lesion progresses in a similar manner to the human case, the fact that the SZ remains intact in lesions spanning the entirety of the enamel's thickness suggests it is present for the majority of the initial lesion development. This implies that a large amount of mineral must be removed from the lesion, presumably through the intact SZ. As a diffusive barrier, the dynamics of the SZ are thus critical to understanding the overall lesion development. However, the observed demineralization at the DEJ ahead of the lesion presents a possible alternative path for mineral loss, and its potential effects on lesion and SZ progression should not be dismissed. Dissolved mineral could be transported towards the DEJ and removed from the tissue through the pulp cavity via the much more porous dentin. While there is currently little evidence to support such a mechanism, its existence would influence the dynamics of SZ formation and would imply significant changes to existing models of early-stage WSEL development.
The value of Ã max within the SZ [point B in Fig. 4(c) ] is never more than 0.52 greater than Ã min (point D) in the lesion body. This observation may reflect the fact that continuing demineralization within the lesion body eventually leads to mechanical compromise and lesion collapse, destroying the intact SZ. A similar maximum of $ 50% is observed in the average normalized mineral lost values. Future studies incorporating multiple time points and a larger sample size should further explore both of these apparent maxima to provide statistical context for interpreting these observations. If there are true thresholds in these values, it would imply a measureable indicator signalling lesion collapse and would be of interest in studies of lesion formation over time.
Considering the research community's widespread reliance on rodent caries models to explore many aspects of the disease etiology and treatment (Bowen, 2013) , it is significant that the present study verifies that the rodent model reproduces the key structural feature of SZs in humans. Furthermore, demonstrating the ability to induce SZLs in a controlled rodent model suggests a potential new tool for investigators specifically looking to study this zone in more detail. While the first direct observation of SZs in rat caries presents an opportunity to begin characterizing and comparing their structure and prevalence to human WSELs, a larger, dedicated animal study with a larger animal count, a consistent cariogenic challenge, and multiple time-points is necessary to firmly establish the prevalence and characteristics of SZs during rat caries.
Conclusions
The observations here clearly establish that lesions containing intact SZs can be induced through rodent caries models. A conservative set of criteria applied to depth profiles extracted from three-dimensional mCT data sets has identified 13 clear examples of SZ lesions in M1 molars classified optically to possess moderate caries. These SZs were consistently thinner than those reported in human lesions, irrespective of which previously reported measurement approach was used. The ability to induce SZ lesions in rodents suggests a potentially valuable model system to explore the structure of this crucial zone and deepen our understanding of its role during caries initiation and progression. Furthermore, use of synchrotron mCT provides a means to non-destructively characterize and map SZ lesions with high throughput, enabling the practical execution of large-scale studies with improved statistical relevance. As such, application of the technique will assist efforts to systematically characterize SZ lesions produced within tooth enamel, allowing researchers to begin accounting for the large number of biological, chemical and mechanical variables involved in early caries progression.
